Phase separation, induced by attractive depletion interactions, in mixtures of two sizes of charged silica particles (30 and 200 nm diameter), dispersed in dimethylformamide (DMF), upon the addition of a non-adsorbing, monodispersed polymer (polystyrene) has been studied, for two polymer molecular weights (number-average 115,000 and 543,000). The repulsive electrostatic interaction between the silica particles was reduced through addition of 40 mM lithium chloride. This paper is a follow-up to a recent short communication by the same authors, van Duijnevedlt, J.; Vincent, B. Phys. Chem. Chem. Phys. 2010, 13, 110-113), for the same silica particles, plus the lower molecular weight polymer, in DMF. In that paper we reported that, for certain concentration ranges of the ternary system, three co-existing phases are formed at equilibrium, and in others two. In this paper we show that, despite the well-known importance of the polymer / colloid size ratio on the phase behaviour of their mixtures, using the higher molecular weight polymer leads to broadly similar behavior, although the phase boundaries are shifted slightly. The main new finding is that of distinct regions in the phase separation process for systems resulting in two co-existing equilibrium phases (fluid + solid). On increase of polymer concentration, initially only the large particles aggregate. At higher polymer concentration, mixed aggregates are formed consisting of both large and small particles. Whilst this finding can be rationalised in terms of relative strengths of depletion interactions, such scenarios have not been predicted theoretically to our knowledge.
The addition of a non-adsorbing polymer to a colloidal suspension is known to induce depletion attraction between the constituent colloidal particles [1] [2] [3] [4] . The first theoretical description of the depletion effect was given by Asakura and Oosawa [1, 2] . This was subsequently developed by Vrij [3] . A significant body of theoretical work is now available on depletion interactions in the socalled "colloid limit", i.e. q < 1, where q is the ratio of twice the polymer radius of gyration (R g ) to the particle diameter (σ). Corresponding theoretical phase diagrams have been constructed using a variety of theoretical approaches, including perturbation theory [5] , free volume theory [6] , density functional theory [7] , and Monte Carlo simulation [8] [9] [10] . A large body of complementary experimental work on depletion-induced aggregation and phase separation also exists. The use of hard-sphere particles has been favored in these studies as these are easiest to model. De Hek and Vrij performed experiments on model hard-sphere-like particles with added non-adsorbing polymer using the system: silica particles and polystyrene in cyclohexane [11] . The fluid-solid coexistence region of the hard-sphere system broadens on addition of polymer; whilst the fluid-fluid transition is less prominent. These observations were explained semi-quantitatively using thermodynamic perturbation theory [5] . The coexistence between two stable fluid phases, as well as fluid-solid phases, was observed for similar systems by Vincent et al. [12, 13] . The polymer partitioning between the coexisting colloid-poor and colloid-rich phases was first described by the free-volume theory (FVT) of Lekkerkerker et al. [6] . These theoretical models predict a co-existence region between a colloidal crystal and a colloidal fluid for q < 0.3, whilst for q > 0.3 a fluid-fluid coexistence region also appears in the phase diagram.
These theoretically predicted phase diagrams have been confirmed by simulation [8, 14] and experiments [11, [15] [16] [17] [18] [19] . The regime where the polymer coils are larger than the colloidal particles (q > 1) is referred to as the protein limit [20] . A major, recent paper reviewing this field and extending the FVT across a wide range of q values, as well as including the effect of solvent quality for the polymer, is that by Fleer and Tuinier [4] .
For charged particles the phase behavior is modified; the additional interparticle repulsion offsets the attraction induced by added polymer. Only a few experimental results are available to date. Gögelein has presented a detailed quantitative study of cluster aggregation kinetics in charge-stabilized aqueous silica suspensions, on adding non-adsorbing polymers [21] .
However, in this work van der Waals attraction also contributed significantly, and the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In reference [22] , the van der Waals attraction energy (V A ) between the silica particles, at a separation equivalent to the diameter of two DMF molecules (DMF is known to be strongly bound to silica [30] ), was estimated, resulting in the following values: V A = 0.5 kT for the 30 nm particles and 3.5 kT for the 200 nm particles. Since the average, thermal (translational) energy of the particles is ~1.5 kT, one may expect the smaller silica particles to be stable, even in the absence of any charge repulsion. For the larger particles, however, some charge repulsion would seem to be necessary in order to prevent weak aggregation of the particles due to van der Waals forces, prior to the addition of any polymer.
In the two previous papers by us on this topic [22, 23] polystyrene was employed as the added, non-adsorbing polymer. DMF is a near-theta (Θ) solvent for polystyrene [22] . Various parameters for the two polystyrene samples used, in DMF are listed in Table 1 . The polymer overlap concentration (C*) is defined as that concentration where the polymers coils in solution have a volume fraction of one, and is given by equation (1) [31], where M w is the weight-average molar mass of the polymer, R g is its radius of gyration in the solvent concerned and N A is the Avagadro constant.
As discussed earlier, an important parameter in the theory of the phase behavior of particle plus polymer systems is q, where q = 2R g /σ; σ is the diameter of the particles. q values are also given in Table 1 , for each polymer, with respect to the small particles (q s ) and the large particles (q l ). Table 1 . Parameters for polystyrene in DMF solutions: M n is the number-average MW; p is the polydispersity (p = M w /M n ); R g is the radius of gyration; C* is the critical overlap concentration; q s and q l are the q values with respect to the small (σ = 30 nm) and large particles (σ = 200 nm), respectively
In the first paper [22] in this series we reported on the phase behavior of each of the two sizes of silica particles, dispersed in DMF containing 10 or 40 mM LiCl, separately, on the addition of polystyrene (M n = 115,000), i.e. on the binary systems. The larger particles (q = 0.1, table 1) only showed fluid-solid coexisting phases, above a certain minimum added polymer concentration, whereas the smaller particles (q = 0.64, table 1), with increasing polymer concentration, exhibited a fluid-fluid coexistence region, prior to the onset of the fluid-solid region. Reasonably good agreement was found between the experimental phase diagrams and the theoretical predictions of Gögelein [32] .
In the second paper [23] we reported some preliminary studies on the phase behavior of the corresponding ternary systems, i.e. on mixtures of both sizes of silica particles, dispersed in DMF containing 40 mM LiCl, on the addition of polystyrene (M n = 115,000). This was the first study of a ternary system of this type that we were aware of. In that paper we reported that, for certain concentration ranges of the ternary system, three co-existing phases are formed at equilibrium. These consisted of two fluid-like phases (the first containing mostly polymer and the second mostly small particles) and a solid-like phase (containing a mixture of small and large particles). An unexpected feature was that this phase separation occurred over two distinct time periods. In the first, relatively short period a solid-like phase containing a large fraction of both sets of silica particles separated from the polymer solution. Subsequently, over a longer period of time, the second fluid phase, containing mostly the smaller particles, separated from this solid phase.
In this paper we present a fuller study of the ternary systems. We show that using the higher molecular weight polymer (543,000) leads to broadly similar behavior as with lower molecular weight polymer (115,000) used before [22, 23] , although the phase boundaries are shifted slightly. More importantly, however, we have gained further insight into the compositions and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 natures of the evolving phases. As far as we are aware, there is, as yet, no theoretical treatment for phase separation in ternary systems of dispersions of two different sized particles, plus nonadsorbing polymer.
Experimental

Materials
The solvent used in all experiments was dimethylformamide (DMF), supplied in "dry" form by from Fisher Scientific was used as supplied.
Silica dispersions and polymer solutions in DMF
Dispersions of the 200 nm particles in DMF were prepared by adding the silica powder to the solvent in the required amounts, followed by application of ultrasound (Ultrawave Ltd. Cardiff), for 6 h, to break up any aggregates. For the 30 nm particles transfer from water to DMF was achieved using a dialysis technique, as described in reference [22] .
The transmission electron microscope diameters, the mean hydrodynamic diameters and the mean electrophoretic mobilities of the two grades of silica particles in DMF have all been presented in reference [22] . Dynamic light scattering studies led to values of 30 nm and 200 nm for the hydrodynamic diameters for the two grades of silica particles in DMF.
Since DMF is known to be a hygroscopic solvent, it was important to estimate how much water might be present in samples prepared for the phase behavior studies, prior to sealing the sample tube. It was reported in reference [22] that the maximum amount of water in the DMF solutions was never greater than 1% (by wt), and that at 1 % water in DMF the hydrodynamic diameter of the PS molecules was found to be unchanged compared to PS solutions in DMF which had been vigorously dried. So it seemed reasonable to assume that, at these low levels of water present in the DMF, there was also no effect on the thermodynamic properties of the polymer solutions.
Visual Observation of Phase Behavior
Samples were prepared by addition of polystyrene and LiCl to mixtures of the silica dispersions, in the required amounts. The sample cells were then sealed with Teflon stoppers and PTFE tape. The cells were very slowly tumbled, around their long axis, overnight and then left to stand. Any phase separation usually started quickly and was complete within a few hours.
Differential Interference Contrast Microscopy
Differential interference contrast (DIC) microscopy was performed on several of the samples that had reached phase equilibrium. This technique is highly sensitive to refractive index differences across a sample in the focal plane of the microscope. An Olympus BX51 microscope was used with a Pixelink 5MP colour CCD camera PL-B625CU. To this end, after vigorously shaking (by hand) a particular sample in its cell, a small drop was placed between two cover slips and mounted in the microscope. The shaking procedure was carried out to rehomogenize the sample, as effectively as possible. The phase separation could then be followed in time, and pictures taken at set time intervals.
Analysis of Phase Compositions
For the samples where phase separation had occurred, each phase was analyzed to determine its equilibrium large and small silica particle and polystyrene concentrations after 24 h. This was achieved as follows. Firstly a photograph was taken of the (flat) cell to determine the volume of each phase. For those systems which had separated into three phases the following procedure was used. A sample of the top phase was removed and analyzed for its polystyrene concentration using UV-visible spectroscopy. A peak in the spectrum was chosen where only polystyrene absorbed and silica did not. A calibration graph was established at this wavelength 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The total concentration of silica in each of the three phases could then be calculated by subtracting the calculated contribution from polystyrene present in each case. Similarly, since the concentration of large particles in each of the three phases was also known from the UVvisible spectroscopy experiments, it was possible to calculate, by difference, the concentration of small silica particles in each of the three phases.
Transmission Electron Microscopy (TEM)
In order to obtain semi-quantitative information regarding the relative concentrations of the two sizes of silica particles in each phase at equilibrium, transmission electron micrographs were obtained of those phases containing significant concentrations of silica particles (i.e. the lower phase in a two-phase system or the two lowest phases in a three-phase system). This was achieved by spotting samples of each phase concerned on a TEM grid, allowing the DMF to evaporate, and using a JEOL TEM 1200EX instrument to take the micrographs.
Results and Discussion
Phase Diagrams
(a) (b) Table 1 ).(The symbols with boxes are explained later in the text, §3.2 and Figure 3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 As may be seen from Figure 1 , the 200 nm particles, on their own, only show a fluid-solid coexistence region above a certain C p /C * value, whereas for the 30 nm particles on their own a fluid-fluid coexistence region is formed. We showed in Ref. [22] that at higher C p /C * values a solid-fluid region also exists for the 30 nm particles. For the 30 nm particles alone, the onset of the fluid-fluid region seems to occur at a slightly lower value of C p /C * for the higher molecular weight polymer. It is difficult to say whether this is to be expected on theoretical grounds, as the presence of the interparticle electrostatic forces (even in the presence of 40 mM LiCl, where κ -1 = 1 nm) complicates the theoretical treatment. The theoretical work by Gögelein and Tuinier [32] suggests that, if anything, a slightly higher polymer concentration would be required for the larger polymer. Note however that this comparison requires knowledge of C * , which is difficult to estimate accurately (it depends on R g 3 , for example -equation [1] ). It is also not possible to say, from the results shown in Figure 1 , whether there is any real effect of polymer molecular weight on the value of C p /C * where phase separation starts for the 200 nm particles, or indeed for any of the particle mixtures studied.
Also from Figure 1 , it may be seen that, for the mixed particle systems, when the fraction of the large particles is 0.25 or 0.5, then with increasing C p /C * values, firstly a region of two-phase (fluid-solid) coexistence is observed, followed by a region of three-phase coexistence, at equilibrium, for both polymer molecular weights. We reported in Ref. [23] It is known [33] that, for a given C p value, for two sizes of particles, the depletion interaction decreases in the order: large-large > large-small > small-small. On this basis we would postulate that with increasing C p /C * value, we should see the order of phase separation of the particles depicted schematically in Figure 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Some of these schematic phase-separated systems are to be found in Figure 1 Figure 2 . It is difficult to distinguish these two states from simple observations of the phase behavior. Later in this paper we will present other evidence, i.e. analysis of the phase compositions and TEM studies, from which we can distinguish these two states. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 1 .
Images are taken 2 min after mixing. The width of each image is 475 µm. Figure 3 shows typical DIC images of some of the systems taken 2 min after mixing the dispersions with the higher molecular weight polymer. These are broadly similar to the images we reported in Ref. [23] for the lower molecular weight polymer, but these new DIC images are included here to back-up the comments made in the previous section, regarding the nature of the observed phases and how they form. For the three systems which form three-phases at equilibrium (indicated by the boxed, filled triangles in Figure 1 and state D in Figure 2 ), after two minutes we see fluid droplets of the (eventual) middle phase, i.e. consisting of the small-small weak aggregates (not actually visible at this magnification). However, these droplets also initially contain the (visible) aggregates made of large-large and large-small contacts. It seems that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The three other DIC images shown in Figure 3 , show no droplets, only aggregates, and correspond to the two-phase equilibrium systems (boxed crosses) shown in Figure 1 . We are not able at this point to distinguish whether these correspond to state B or C in Figure 2 . We need additional evidence to make this distinction; this is discussed in the next section.
Analysis of Phase Compositions and Transmission Electron Microscopy
In Table 2 below we present some data obtained by analyzing the composition of each of the coexisting phases for some of the mixtures studied. These values are only an approximate guide, as their accuracy is limited, both by the sensitivity of the techniques used, and the fact that some of the particles were found to adhere to the walls of the tubes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Nevertheless, some insight may be gained from comparing the values in this table. Firstly, in the three-phase coexistence system at 0.25 fraction of large particles, and C p /C * 0.74, a large concentration of the small particles is to be found, not only in the middle (fluid) phase, but also in the bottom (solid) phase. There is also a small concentration of (stable) small silica particles in the top phase. This is consistent with the schematic sketch D in Figure 2 and also with TEM pictures shown in Figure 4 . Please note that the absolute concentrations of large and small particles shown is not reliable, because of drying artifacts, but the relative concentrations of small and large particles are significant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 At lower C p /C * values for the 0.25 fraction of large particles systems, there is a larger concentration of small particles in the lower phase than in the upper phase; this is consistent with sketch C in Figure 2 . However, for the 0.75 fraction of larger particles system, at C p /C * of 0.28, there is a larger concentration of small particles in the upper (stable fluid) phase. This is more consistent with Sketch B in Figure 2 . A TEM picture of the 0.75 fraction of larger particles system, at C p /C * of 0.28, is shown in Figure 5 . This is also consistent with sketch B in Figure 2 . 
Conclusions
Our observations provide evidence for the existence of each of the four systems (A-D) sketched in Figure 2 . In particular, in this paper we have been able to distinguish the separate existence of states B and C. Although we suspect that there will be a sharp transition between these two states, as the polymer concentration is increased, at certain particle size and concentration ratios, it would be good to investigate whether this claim can be justified on theoretical grounds.
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